Metalorganic chemical vapor deposition-grown In 0.4 Ga 0.6 As 0.995 N 0.005 quantum well ͑QW͒ lasers have been realized, at an emission wavelength of 1.295 m, with threshold and transparency current densities as low as 211 A/cm 2 ͑for Lϭ2000 m͒ and 75 A/cm 2 , respectively. The utilization of a tensile-strained GaAs 0.67 P 0.33 buffer layer and GaAs 0.85 P 0.15 barrier layers allows a highly-compressively-strained In 0.4 Ga 0.6 As 0.995 N 0.005 QW to be grown on a high-Al-content lower cladding layer, resulting in devices with high current injection efficiency ( inj ϳ97%͒. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1511290͔
The dilute-nitride quantum well ͑QW͒ on GaAs substrate, to achieve 1300-nm wavelength emission, has been a very promising choice active region in realizing highperformance long-wavelength GaAs-based vertical cavity surface emitting lasers ͑VCSELs͒. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Less temperature sensitivity in InGaAsN QW lasers, at ϭ1300 nm, has also been demonstrated in many of the published results. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Although the area of temperature sensitivity in InGaAsN QW lasers is still under extensive investigation, 13, 14 promising results of both low threshold-current-density (J th ) and high T 0 values ͓1/T 0 ϭ(1/J th )dJ th /dT͔ have been demonstrated. 3, 6, 12 Recently, efforts to achieve high performance InGaAsN QW lasers by metalorganic chemical vapor deposition ͑MOCVD͒ [3] [4] [5] [6] [7] have been pursued. The advantage of the MOCVD-grown InGaAsN QW lasers is the ease in growing high quality AlAs/GaAs distributed Bragg reflectors by MOCVD, compared to molecular beam epitaxy ͑MBE͒ techniques, for realizing low-cost VCSELs. Only recently, MOCVD-grown InGaAsN QW lasers, [3] [4] [5] [6] [7] at ϭ1300 nm, have demonstrated comparable performances with the MBEgrown InGaAsN QW lasers. [8] [9] [10] [11] [12] As shown in our earlier studies, 3 tensile-strained buffer layers ͑InGaPϩGaAsP͒ are crucial for achieving highly strained InGaAs͑N͒ QW lasers grown on thick, highAl-content ͑75%-85%͒ AlGaAs lower cladding layers. In the present work, we report very low threshold (J th )-and transparency (J th )-current-density, strain-compensated In 0.4 Ga 0.6 As 0.995 N 0.005 QW lasers with high current injection efficiency ( inj ) by utilizing strain compensation from GaAsP tensile-strained barriers and a thin GaAsP tensilestrained buffer layer.
The lasers structures utilized here were all grown by low-pressure MOCVD. Trimethylgallium, trimethylaluminium, and trimethylindium are used as the group III sources and AsH 3 , PH 3 , and U-dimethylhydrazine ͑U-DMHy͒ are used as the group V sources. The dopant sources are SiH 4 and dielthylzinc for the n-and p-dopants, respectively. The laser structure, shown in min. This annealing condition does not represent the optimized annealing temperature and duration for the InGaAsN QW, yet this condition is sufficient for achieving strong luminescence from the QW. The InGaAsN QW is surrounded by tensile-strain barriers of GaAs 0.85 P 0.15 (⌬a/aϭ0.6%͒, which are spaced 100 Å on each side of the QW. Earlier studies have demonstrated that the utilization of the GaAsP tensile-strained barriers surrounding the highlycompressively-strained InGaAsN QW results in improved optical luminescence. 3 The tensile buffer for this structure consists of a 30-Å GaAs 0.67 P 0.33 layer, which eliminates the poor interface of the InGaP-GaAs in our earlier structures. 3 One of the challenges in growing InGaAsN QW lasers by MOCVD is due to the difficulties in incorporating N into the InGaAs QW, while maintaining a high optical quality film. The low purity of the N precursor used in MOCVD ͑U-DMHy͒ is also suspected as a possible reason for the low optical quality of MOCVD-grown InGaAsN QWs. to incorporate sufficient N into the InGaAsN QW, very large ͓DMHy͔/V ͑as high as 0.961͒ is required. Due to the high cost and the low purity of the DMHy precursor, lowering the ͓AsH 3 ͔/III to achieve large ͓DMHy͔/V would be the preferable option to increasing the DMHy flow. Large ͓DMHy͔/V ratio requires the ͓AsH 3 ͔/III ratio to be rather low. Takeuchi et al. 15 have demonstrated that the growth of InGaAs QW ͑ϭ1200 nm͒ with the very low ͓AsH 3 ͔/III ratio is significantly more challenging compared to the case in which tertiary butyl arsine ͑TBA͒ is utilized as the As precursor. As the ͓AsH 3 ͔/III ratio is reduced, the luminescence of the InGaAs QW reduces rapidly for low ͓AsH 3 ͔/III ͑below 15-20͒, which is, however, required for achieving sufficiently large ͓DMHy͔/V. These challenges have resulted in difficulties in realizing high performance MOCVD-InGaAsN QW lasers with AsH 3 as the As precursor until recently. 3, 4, 6, 7 In our approach, the design of the active region is based on strain-compensated InGaAsN QW, with very high In content ͑Inϳ40%͒ and minimum N content ͑Nϳ0.5%͒, to achieve 1300-nm emission. Minimum N content in the InGaAsN QW allows us to grow the active region with an optimized AsH 3 /III ratio.
In characterizing our laser performance of the InGaAsN QW lasers, broad area lasers with stripe width of 100 m are fabricated. The conventional multilength studies of various broad area devices, with cavity length (L) ranging from 720 m to 3000 m, are utilized to extract the intrinsic device parameters. All the measurements of these broad area devices were performed under pulsed conditions with pulsed width of 6 s, and 1% duty cycle. All the measured parameters and extracted intrinsic device parameters for these lasers are summarized in Table I , under the section ''Present Work.''
The measured threshold current density, at room temperature of 20°C, for the InGaAsN QW lasers, is shown in Fig. 2 for various cavity length devices. The threshold-and transparency-current density are measured to be as low as 211 and 75 A/cm 2 , respectively, for devices with cavity length of 2000 m, and emission wavelength of 1.295 m.
Even for shorter cavity devices of 720 m and 1000 m, threshold-current densities are measured to be as low as 361 and 253 A/cm 2 , respectively. To the best of our knowledge, these data represent the lowest threshold-and transparencycurrent densities reported for InGaAsN QW lasers in the wavelength regime of 1.28 -1.32 m as shown in Table I . [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] The external differential quantum efficiency ( d ) of the InGaAsN QW lasers, as shown in Fig. 3 , is as high as 57% for devices with cavity lengths of 720 m. The lower d for the longer cavity devices is attributed to the relatively large internal loss (␣ i ϭ13 cm 1 ) for these unoptimized structures. The internal loss of the lasers may result from the combination of the narrow separate-confinement-heterostructure ͑SCH͒ region and relatively high doping level (1 -2 ϫ10 18 cm Ϫ3 ) of the p-cladding of the laser. Reduction in the current injection efficiency in QW lasers can result from large recombination in the SCH and also nonradiative processes in the interface between the SCHcladding layers. The poor interface between the InGaP buffer layer and GaAs SCH region in our previous structure is believed to have been responsible for the low current injection efficiencies ( inj ϭ72%͒ observed, 3 resulting from nonradiative recombination in the interface. By utilizing a thin GaAsP buffer layer in place of InGaPϩGaAsP buffer layer, 3 improvement in the current injection efficiencies ( inj ϭ97%͒ has been achieved as a result of the removal of the poor interface of InGaP buffer and GaAs SCH.
Growth
The material gain parameter, defined as g oJ ϭg th /ln( inj •J th /J tr ), is an important parameter in determining the gain properties of the QW. A low g oJ value for a QW laser can result from the low optical gain of material ͓g oN ϭg th /ln(n th /n tr )͔ or the existence of nonradiative recombination in QW. The material-gain parameter (g oJ ) 3 and the differential gain (dg/dn) 16 of the InGaAsN QW have been shown to decrease as nitrogen is introduced into the InGaAs QW. As shown in Fig. 4 , the g oJ of the InGaAsN QW laser is measured to be 1150 cm Ϫ1 , which is significantly lower that (g oJ ϭ1600-1900 cm Ϫ1 ) of similar InGaAs QW lasers 2,3 at ϭ1.17-1.19 m. The expected length dependence of T 0 and T 1 is due to the variation of threshold gain with cavity length. 13 In analyzing these T 0 values, one has to consider the fact that high-J th QW lasers with large monomolecular recombination will result in devices with high T 0 values. 13 Relatively low T 0 values for low-J th InGaAsN QW lasers can result from carrier leakage, 13 temperature-sensitive gain, 13 and/or Auger recombination. 
